Abstract. A number of metabolites isolated and identified from cuticular waxes have been used as chemotaxonomical markers and to explain the role of the wax layer in plant-insect and plant-pathogen interactions. Chromatographic analysis of the cuticular wax from pinnae of five coconut palm ecotypes showed that the three main components (I, II, III) in the wax can be used as chemotaxonomical markers for classification. The positive correlation found between the content of metabolites I, II, and III in the wax from the various ecotypes and their resistance or susceptibility to the lethal yellowing disease of coconut palms, did not coincide with the results obtained in an antifeedant assay. The results suggest that while the individual components do not play a significant role in the palm-insect interaction, the full composition of the cuticular wax does. Key words: Skimmiwallin, isoskimmiwallin, lupeol methylether, Cocos nucifera, cuticular wax, pinnae, cycloartenols.
Introduction
The coconut palm (Cocos nucifera L.) is cultivated in more than a hundred countries around the world, covering a surface of approximately twelve million hectares and producing ten million metric tons of copra. Mexico, with approximately 160,000 hectares, is the first copra producer in Latin America and the seventh one in the world [1, 2] .
One of the factors that seriously affects the production of copra in many parts of the world, particularly in Central America, the Caribbean and Africa, is the lethal yellowing disease (LYD) of coconut palms; this disease is believed to be caused by a phytoplasm which is transmitted by at least one homopterous insect of the Cixiidae family, Myndus crudus Van Duzee [3] .
Palms with LYD generally die within months of being infected. Although a number of strategies have been attempted to contain the destructive effects of the disease, including the use of insecticides to control the vector and of antibiotics to eliminate the phytoplasm, to date, replanting the affected zones with resistant varieties of coconut palms appears to be the best option [4] .
A comprehensive evaluation which included morphological, physiological and isoenzymatic studies of the 18 major populations of C. nucifera growing in different regions of Mexico, allowed recognition of five ecotypes or groups of coconut palms considered to be phenotypically different. These ecotypes have been registered, following international nomenclature, as Mexican Atlantic Tall (MXAT), Malayan Yellow Dwarf (MYD), Mexican Pacific Tall 1 (MXPT1), Mexican Pacific Tall 2 (MXPT2), and Mexican Pacific Tall 3 (MXPT3) [5, 6] .
When maintained under similar conditions, coconut palms of the five ecotypes described above showed a differential response against LYD, with MXAT and MYD individuals showing the most and least susceptibility to the disease, respectively. Of the remaining ecotypes, MXPT2 showed the second-highest resistance to LYD, followed by MXPT1 and MXPT3 [6, 7] .
In some higher plants, morphological and chemical studies carried out on cuticular waxes have been used both as a chemotaxonomic marker for classification and to correlate the nature and the chemical composition of the wax, with the susceptibility of the plant to insect attack or to chemical agents [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Studies carried out on the chemical composition of the cuticular waxes from various palm species have resulted in the isolation and identification of a number of triterpenes, including lupeol methylether from Orbignya speciosa, Butia capitata and Orbignya phalerata, and cylindrin from Orbignya cohune [22] . Recently, the three main components of the cuticular wax of C. nucifera were identified as lupeol methylether (I) and the novel isomeric cycloartanes skimmiwallin (II) and isoskimmiwallin (III) (Fig. 2b) [24] . Here we wish to report on the variation in total content and chemical composition of the cuticular wax of the five main ecotypes of C. nucifera growing in Mexico, together with the possible use of the chemical composition of the cuticular wax as a chemotaxonomical marker for classification, and the importance of the composition of the cuticular wax of a given palm ecotype in its resistance or susceptibility to LYD.
Results and Discussion
The results on the total yield of cuticular wax of the different ecotypes showed that palms belonging to the MYD ecotype had the lowest amount of wax (Fig. 1) . This finding could explain the high susceptibility of the MYD ecotype to drought conditions, since previous reports have shown that cuticular wax content in drought-tolerant C. nucifera genotypes is usually higher than in those that are drought-susceptible [25] . At the same time, the low amount of cuticular wax in the MYD ecotype seriously challenges the argument that the resistance of MYD ecotypes to LYD is simply due to the cuticular wax acting as a physical barrier against insect attack. Statistical analyses of the total wax content of the different coconut palm ecotypes showed that while the total wax content in the MYD ecotype is clearly different to that of the remaining ecotypes, the differences between the four "tall " ecotypes are not statistically significant (Fig. 1) .
The GC analyses of the different cuticular wax extracts showed chromatographic profiles that were qualitatively similar, but quantitatively different, i.e. they all contained the same three major components, namely lupeol methylether (I), skimmiwallin (II) and isoskimmiwallin (III), but in different proportions (Fig. 2a) . A recent study has confirmed that I, II and III are the major components in all coconut palm wax extracts, and that these three metabolites, together with minor amounts of lupane methyl-ether, lupeol and the acetylated derivatives of lupeol, isoskimmiwallinol and skimmiwallinol, represent 95% of the total wax content in all ecotypes; with the remaining 5% including non-identified triterpenoids, sterols, primary alcohols and fatty acids [26, 27] .
The chromatographic profiles of the wax extracts showed that the similarities in the chemical composition of the cuticular wax of the five ecotypes, appeared to be in agreement with their degree of susceptibility or resistance to LYD, i.e. the chromatographic profile of the cuticular wax of the most susceptible MXAT ecotype was similar to those of the MXPT1 and MXPT3 ecotypes; while the chromatographic profile of the resistant MYD ecotype was similar to that of the second most-resistant MXPT2 ecotype (Fig. 2a) . GC analyses of the cuticular wax extracts of each ecotype showed that while lupeol-methylether (I) is the most abundant component in the cuticular wax from both the MXAT and MXPT3 ecotypes, its presence in the wax of the LYD-resistant MYD ecotype is hardly noticeable (Fig. 3) . Similarly, the content of skimmiwallin (II) and isoskimmiwallin (III) is considerably larger in the wax extracts of the MYD and MXPT2 ecotypes, when compared to that in similar extracts from LYD-susceptible MXAT, MXPT1 or MXPT3 ecotypes (Fig. 3) .
A dendogram obtained through the analysis of hierarchical conglomerates showed five definite branches (Fig. 4) ; the presence of two main branches, one including the MYD ecotype Table 1 in the Materials and Methods section). and the other one the rest of the "tall" ecotypes, clearly indicated that the former is well differentiated from the rest. However, the presence of the MXPT2 ecotype in the first secondary branch confirms the close relationship between this ecotype and the MYD; at the same time, the close relationship between the MYD and MXPT2 ecotypes can explain their being the two most resistant ecotypes to LYD. Additionally, the location of the MXAT ecotype in the fifth branch clearly shows that this and MYD are the two most differentiated ecotypes. Again, these differences between the MXAT and MYD ecotypes correlate with their higher susceptibility and resistance to LYD, respectively. Finally, all of these results coincide with those reported earlier using both morphological, physiological, and molecular characters [5, 6] , and confirm the importance of the amount and chemical composition of the cuticular waxes of C. nucifera ecotypes as chemotaxonomical markers for classification.
Taking into account that the amount and composition of cuticular waxes are important factors in plant-insect interactions [9, 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] 23] , and being that LYD is believed to be an insect-transmitted disease, the possible correlation between LYD susceptibility and both total wax content and abundance of components I, II and III in the cuticular wax from the five ecotypes was explored. This was done by using a simple regression analysis of the average values for each variable and the LYD-related mortality data for each ecotype [6, 7] . The results showed that while the correlation between total wax content and LYD-related mortality was not significant ( Fig. 5a ; P = 0.15), the correlation between the content of lupeol-methylether (I) and LYD-related mortality was positive and significant ( Fig.  5b , P = 0.03); this last result suggested that coconut palms having cuticular waxes with high concentrations of I are likely to have a higher susceptibility to LYD. Similarly, the negative correlation observed between LYD-related mortality and the concentration of skimmiwallin (II) and isoskimmiwallin (III) in the cuticular wax (Figs. 5c and 5d, P = 0.06 and 0.02) suggests that ecotypes with cuticular waxes higher concentrations of metabolites II and III are more likely to resist LYD.
A recent evaluation of the antifeedant activity of the cuticular wax extracts of the five ecotypes, as well as of the purified metabolites I, II and III, showed that only the MYD wax extract has a significant antifeeding activity when tested against Diaphania hyalinata L. (Crambidae) (unpublished data); the wax extracts from MXPT1 and MXPT2, and the pure metabolites I, II, and III, only showed a moderate activity when tested using the same assay. These results do not coincide with those mentioned above and suggest that although it has been reported that a number of triterpenes present in cuticular waxes are associated with resistance to insect attack [18, 22] , lupeolmethylether (I), skimmiwallin (II) and isoskimmiwallin (III) appear not to play a significant role in the palm-insect interaction. Alternatively, the antifeeding activity shown by the LYDresistant MYD wax extract, and the lack of antifeedant activity observed for the LYD-susceptible MXAT and MXPT3 wax ex- Table 1 in the Materials and Methods section). tracts, strongly suggests that the complete secondary metabolite composition of the cuticular wax is important for the resistance or susceptibility of a particular palm ecotype to LYD.
Experimental
Biological materials were collected in a coconut palm plantation kept by CICY in San Crisanto, Municipality of Sinanché, Yucatán, México. The area has a semiarid climate with a sandy soil, an annual rainfall of 670 mm, and an average temperature of 26 °C. For this study, plants growing in similar environmental conditions, and with healthy and vigorous vegetative development, were selected. The collection of pinnae from coconut palms was carried out on April 19, 1999 . One-month old pinnae (five pinnae per individual; ten individuals of each ecotype) were first dusted with tissue paper and folded to bring together the base and the tip of the pinna, cutting the excess of material so that the folded pinna had a length of 26 cm. Folded pinnae were dipped for 40 sec in 250 ml of hexane contained in a measuring cylinder, being careful not to submerge the cut off ends. The solvent was evaporated under reduced pressure and the wax residue was transferred to a vial using dichloromethane; the solvent was eliminated using a flow of nitrogen and the vials were placed in a dessicator under high vacuum, until they reached constant weight.
After extraction, the adaxial surface of each pine was photocopied and the foliar area was calculated using an image-digitalizer connected to a computer which integrated and registered the values using the Agimagen ® program. The yield of cuticular wax was calculated by dividing the amount of wax between the foliar area.
Gas Chromatography analyses of cuticular wax extracts (1%) were carried out in triplicate, using a Hewlett Packard 5890 Gas Chromatographer equipped with an Ultra 1 column (25 m × 0.2mm), a flow rate (Nitrogen) of 1 mL/min, and a temperature program of T 1 = 280 o C (2 min), T 2 = 300 o C (5 min), gradient = 5 o C/min. Wax extracts were not subjected to pre-purification nor derivatization prior to their GC analyses.
Statistical analyses were carried out using the Statistical Analysis System software Release 6.12 [28] . The classification study (Fig. 4) was performed using an agglomerative hierarchical cluster analysis, using a CLUSTER procedure to examine the clustering pattern of the various ecotypes. The analyses were carried out on the basis of each ecotype's matrix of means; the elements of the matrix were standardized to mean 0 and standard deviation 1, and from this the matrix of similarities of the Euclidean distance. Clustering was done by using the un-weighted pair group method with arithmetic averages (UP-GMA). The resulting tree is not rooted. The differences in total wax content ( Fig. 1 and Table 1 ), and the differences in the relative amount of each component in the cuticular wax of the various ecotypes ( Fig. 3 and Table 1 ), were established by means of a series of one-way analyses of variance (ANOVA) and comparison of means through Tukey´s test (P > 0.05). The correlation between cuticular wax composition and susceptibility to LYD (Fig. 5) was established using the linear regression equation: Y = a + bX. 
